Abstract-Conventional outphasing power amplifier systems require both a radio frequency (RF) carrier input and a separate baseband input to synthesize a modulated RF output. This work presents an RF-input/RF-output outphasing power amplifier that directly amplifies a modulated RF input, eliminating the need for multiple costly IQ modulators and baseband signal component separation as in previous outphasing systems. An RF signal decomposition network directly synthesizes the phase-and amplitude-modulated signals used to drive the branch power amplifiers (PAs). With this approach, a modulated RF signal including zero-crossings can be applied to the single RF input port of the outphasing RF amplifier system. The proposed technique is demonstrated at 2.14 GHz in a four-way lossless outphasing amplifier with transmission-line power combiner. The RF decomposition network is implemented using a transmission-line resistance compression network with nonlinear loads designed to provide the necessary amplitude and phase decomposition. The resulting proof-of-concept outphasing power amplifier has a peak CW output power of 93 W, peak drain efficiency of 70%, and performance on par with a previously-demonstrated outphasing and power combining system requiring four IQ modulators and a digital signal component separator.
I. INTRODUCTION
O UTPHASING architectures use phase-shift control of multiple saturated or switched-mode branch power amplifiers (PAs) to create a modulated radio frequency (RF) output. Interaction through a lossless non-isolating power combiner produces load modulation of the branch amplifiers, which in turn modulates the system output power. When realized with efficient saturated or switched-mode branch amplifiers, the outphasing approach has the potential to provide high operating efficiency over a wide range of output power levels, making it ideal for high peak-to-average power ratio (PAPR) signals such as those found in modern communications systems. Examples of this approach include Chireix power combining systems [1] - [5] , and the multi-way lossless outphasing system [6] - [11] which improves upon the achievable operating efficiency of the Chireix system by providing nearly ideal resistive loading conditions to the branch PAs.
Since its introduction by Chireix in 1935, a major limitation in the outphasing approach has been the need for signal component separation of the desired RF signal into multiple phase-and amplitude-modulated signals driving the branch PAs. For example, in an early commercial outphasing amplifier, Ampliphase, two sets of dynamic phase-modulating amplifiers were used to modulate the carrier signal by the (baseband) audio signal and drive the branch PAs [12] . This property has made outphasing systems less attractive compared to the Doherty approach with its ability to operate directly on a modulated RF input signal [13] , [14] .
The signal component separator (SCS) and the associated need for multiple baseband-to-RF upconverting paths incurs excessive complexity, cost, and power consumption to the outphasing system compared to power amplifiers that can operate directly on a modulated RF input. The digital signal decomposition requirement can also complicate any digital correction scheme. SCS approaches performing the required computation have been proposed in various domains, including analog baseband [15] and analog IF operating in feedback [16] - [18] or open-loop [19] topologies. The most common approach in modern outphasing systems, however, is to use some form of digital signal processing based on lookup tables or other means of computing the nonlinear relationship between the input signal and the phase-modulated branch PA drives [20] - [25] . As illustrated in the block-diagram comparison in Fig. 1 , performing the signal component separator (SCS) in the RF domain instead of the digital domain allows for decoupled design of the digital and RF elements, reduced system complexity, and for the resulting outphasing system to be treated as a "black box" drop-in replacement for another PA.
This work presents an RF-input/RF-output outphasing PA, shown in block diagram form in Fig. 2 . An RF-domain signal decomposition network directly synthesizes the multiple branch PA drive signals from a modulated RF input signal, performing both the phase and amplitude modulation required for outphasing systems to control the output power over a wide range [3] , [9] . This signal decomposition network (or RF-domain signal component separator) is based on use of a resistance compression network (RCN) terminated 0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. with nonlinear elements. The resulting system is a true RF amplifier in the sense that its input is a modulated RF signal, and its output is an amplified version of that signal. This paper expands on the brief conference paper [26] with a complete analysis of the theory and development of this approach, and presents additional experimental data including modulated output spectrum and input impedance characterization of the 2.14-GHz prototype system. In Section II we derive the theoretical behavior of the RF decomposition network, and describe how a nonlinear termination network is used to implement mixed-mode phase-and amplitude-modulation of practical outphasing systems. Design of the nonlinear termination network and RF decomposition networks is discussed in Section III. Finally, the experimental system showing proof-of-concept operation at a 2.14 GHz carrier frequency with peak output power of 95 W is described in Section IV. Fig. 3 shows a simplified schematic of the proposed RF-input/RF-output system, in which a passive RF decomposition network performs signal separation of a modulated input to produce the four modulated signals required to drive the four branch PAs. The system consists of the decomposition network (based on a four-way transmission-line resistance compression network (TLRCN) terminated with nonlinear components), driver and branch PAs, and a lossless multi-way power combiner.
II. SYSTEM THEORY

A. Conceptual Overview
In the outphasing operating mode, the function of the RF signal decomposition network is to convert amplitude modulation at the system input into relative phase modulation among the inputs to the four branch PAs. As can be seen from the struc- Fig. 2 . Conceptual schematic of the four-way RF-input outphasing system, with example waveforms sketched assuming the PA is operating in the outphasing regime. The phasor relationship among the four branch voltages -is a result of the decomposition network structure. The non-isolating combining and decomposition networks are abstracted for simplicity. ture in Fig. 3 , the signal decomposition is related to the combining network through symmetry. Conceptually, the decomposition network's function can be thought of as being opposite of that of the combining network. That is, in the power combining network, phase-modulated signals interact to produce amplitude modulation at the output, whereas in the signal decomposition network, input amplitude modulation is converted to four phase-modulated drive signals. The four outphased drive signals are chosen such that the branch PAs "see" loading conditions that vary (nearly resistively) over some pre-determined range. Extending the conceptual symmetry argument, then, varying the decomposition network's loads over that same range of resistance values should (at least approximately) generate the desired outphasing relationship among the four port phases. The nonlinear loads ( in Fig. 3 ) are designed to vary as a function of input amplitude so that amplitude modulation at the input is converted "automatically" to phase modulation among the four PA drive signals. This inverse resistance compression network (IRCN) outphasing control strategy forms the basis of the RF signal decomposition in the outphasing regime.
The implementation described in this work and used for the experimental prototype is based on an all-transmission-line approach as described for the power combining system in [10] , and for resistance compression networks (RCNs) in [27] , but we note that versions are also possible using discrete components, microstrip techniques, or a combination of those, related to the lumped-element [7] , [8] , microstrip with shunt reactive element [9] , and all-transmission-line [10] variations of the four-way outphasing power combiner. Likewise, the approaches described in this work may be applied two-way (Chireix) outphasing, including its relatively wideband variations [4] , [5] . The four-way outphasing architecture is selected as the basis for this work due to both its nearly-resistive loading conditions presented to the branch PAs (which lends itself to an intuitive understanding of the RF-input approach by arguments of symmetry) and because the impact of eliminating the multiple upconvering paths including mixers and filters is even greater in the four-way system compared to the conventional Chireix approach.
B. Outphasing Operation
An IRCN outphasing control law was originally introduced as one basis for selecting the input phases and for a baseband-input, lumped-element four-way outphasing system [6] . This control law is based on the approximate relationship between the phase angles of a multi-way RCN and a corresponding multi-way power combining network with appropriate controls: the power combiner can be (approximately) derived from an RCN by applying the principle of time-reversal duality [6] . In essence, the direction of power flow in the power combining network is reversed by changing the sign of each reactance, resistance, and electrical length, replacing sources (approximated as negative resistors) with resistors (and vice versa). This transformation is illustrated for the lumped-element combiner of [6] in Fig. 4 . An analogous inverse-RCN approach can be seen in the relationship between the transmission-line combining network [10] and transmission-line resistance compression network (TLRCN) [27] . As described in detail in [27] , a TLRCN may be constructed as a binary tree of transmission-line sections, with the two branch lengths at the th branch point a deviation from a base length (typically or ). The ends of the final branches are typically terminated in identical loads, and a quarter-wave transmission line may also be employed before the initial branch point to provide impedance matching into the TLRCN.
Examining the RF decomposition network of Fig. 3 , we can see that it is based on a passive network (derived from a TLRCN) terminated with four varying (but equal) resistances . In the following analysis, we assume that the TLRCN terminating impedance is , neglecting any effects of the input impedance . In practice, as will be shown in Section III below, the terminating impedance can be designed to include effects of . The four output port voltages -can be found in terms of the input , terminating resistances , and network parameters through analysis of the decomposition network (1)- (2). These relationships are derived in the Appendix. Note that in (2), represents the impedance into the transmission-line pairs closest to the nonlinear loads (see Fig. 3 ) and is a function of . From [27] , will be purely resistive when is resistive
The phases of the four port voltages are related as indicated in (1) and the vector diagram in Fig. 3 , and can be shown to be related to the load resistance as in (3)- (4) where , ,
, and , with and The magnitudes and phases of the four voltages at the output of the RF decomposition network, -, are plotted as a function of load resistance in Fig. 5 . Note that in this plot, is held constant. In practice, as will be described below, the value of will vary as a function of , and the magnitude relationship will therefore be modified from that shown in Fig. 5 . Throughout this work we will assume that the PA output amplitudes are equal to each other. The further assumption that they are constant (in the outphasing operating mode) is enforced by both a limiter-based implementation of the nonlinear terminations and the saturating characteristics of the drivers and branch PAs, and will be examined in more detail in the next section.
After amplification, the four branch PA outputs ( -) (Fig. 3 ) are assumed to have the same outphasing relationship given by the vector diagram in Fig. 3 and with and from (3)-(4). The magnitudes -are furthermore assumed to be equal with value . In this case, the output power of the combining system is described by (5) [10] (5)
Note that, although the expression for is a system property (and therefore unchanged from [10] ), the selection of outphasing angles and is different in this work from that of the Optimal Susceptance (OS) control law in [10] . From (5) it can be seen that the output power of the amplifier system can be modulated by controlling either and (through control of ), the branch PA drive amplitude , or a combination of these methods. 6 . Plot of the theoretical loading impedances on the ports based on the IRCN (solid) and OS (dashed) control laws for the transmission-line system in this work, assuming a four-way transmission-line power combining as in [10] with values , , ,
The load impedances seen by the four branch PAs is found following the methodology in [10] but with the outphasing angles given by (3)- (4) . In this analysis, the magnitudes of the four PA outputs -are assumed to be equal and to have a constant value ; that is, we ignore any amplitude variation in the PA drive signals due to variation in the amplitudes of -(the load impedances seen by the branch PAs do not depend on the value of , only on the relative phases of the four PA outputs). The resulting effective branch PA loading impedances (each including the effect of load modulation from the action of the other PAs) are shown in Fig. 6 .
Note that because the RCN and combiner networks are not exact duals, the actual combiner output power does not precisely track the (scaled) input power. However, this and other nonlinearities in the implemented system can be addressed through pre-distortion of the input signal [6] , [11] , [28] .
C. Mixed-Mode Operation
The above system analysis assumes that the branch PAs are operated in saturated or switched mode, with a constant-envelope output voltage and output power control achieved only through modulation of the effective load impedance seen by each PA. In principle, the output power of an outphasing system can be modulated in this way through phase-only control of the multiple signals driving the branch PAs. Practical implementations, however, use both phase and amplitude modulation of the signals driving the branch PAs for two reasons [3] , [9] . First, as the system output power is reduced (by increasing the load resistance seen by each branch PA), the input power required to drive each PA into saturation is reduced as well. In this case, drive amplitude modulation can be used to improve efficiency of the overall RF lineup (and power-added efficiency [PAE]) while maintaining outphasing operation [9] . Second, and more importantly for many communications applications, amplitude modulation of the branch PA drive signals can be used to extend the system's output power range to include zero crossings. These two effects are summarized in Fig. 7 . Fig. 7 . Benefits of mixed-mode operation; (a) measured PAE of the inverse class F PAs used in this work showing PAE over load modulation; PAE is maintained by reducing drive amplitude as the loading impedance increases (reproduced from [9] ), (b) theoretical efficiency of four-way outphasing (assuming branch PAs are implemented in class B) with (solid) and without (dashed) back-off control at low power levels.
Note that in Fig. 7(a) , the individual final stage PAs are operated in compression (and driven into saturation) for most of the outphasing range, leading to flat power gain versus output voltage. However, at the highest output powers/lowest PA loading impedance (owing to load modulation), the drive amplifiers no longer drive the final stage hard enough to saturate it, so the PA comes out of compression and overall power gain increases slightly. Below the shown range, the drive amplitude to the PAs is reduced, and so efficiency is expected to decrease as shown in Fig. 7 (b) due to this mixed-mode operation. In the pure outphasing mode (dashed lines in Fig. 7(b) ), by contrast, the efficiency drops off in a near-vertical way as a result of operating outside the nominal range of the combiner. The combining network and associated control law is designed for operation over a fixed range (e.g., 10 dB as in Fig. 6 ), and outside this range the loading impedances of the branch PAs rapidly become highly reactive.
Both Chireix and four-way outphasing systems are designed for a particular dynamic range over which the effective load impedance of the branch PAs is well-controlled, but present highly reactive loads in the limit as the output power goes to zero (resulting in problematic loading conditions for the branch PAs). In practical outphasing systems requiring accurate zerocrossings, therefore, the output power range can be extended by holding the outphasing angles constant at the phases corresponding to the lower extreme of the desired outphasing range, and backing off on the drive amplitudes to operate the branch PAs in a class-B or other non-saturated mode [3] , [9] . This approach has the additional advantage that it does not rely on exact cancellation of the outputs of the multiple branch PAs to produce zero output power.
In this work, we realize mixed-mode phase with amplitude modulation through the design of the termination networks at the RCN output ports. In the outphasing mode of operation, the effective loading resistance to the RCN varies over the desired range (i.e., the range of loading impedances that the branch PAs are designed to operate well over). This load resistance variation is a function of input drive amplitude, so that amplitude modulation of the RF input is decomposed into phase modulation for the four branch PA signals. Below the outphasing range, the phases should be held constant at the value corresponding to the low end of the outphasing range, or in other words the effective load resistance seen by the individual PAs becomes fixed. Now amplitude modulation at the input produces amplitude modulation of the branch PA drives. Note that the port impedance derivation in the previous section assumes that the drive amplitudes -are equal, and this operating condition is also maintained in mixed-mode operation.
D. Nonlinear Termination
The amplitude to phase conversion of the decomposition network is produced by realizing its terminations as nonlinear networks whose effective resistance is a function of input power. That is, the variable resistances of Fig. 3 are implemented using nonlinear passive networks having an effective one-port impedance that varies as a function of the applied voltage. At the upper range of input power, the nonlinear loads behave as variable resistors, generating outphasing control angles corresponding to the IRCN control law. Below a threshold level the terminating resistance is fixed and the four signals -are amplitude-modulated with the input signal, with the input signal split evenly among the four branches.
The nonlinear load network used in this work is shown in Fig. 8 . The implemented impedance variation of the load network is not optimized, but it has the general required characteristics to demonstrate the RF-input outphasing concept, namely that (in the high-power range) the resistance posed by the load network decreases as the power driving it increases. When the applied (sinusoidal) current driving the load network is sufficiently large, the voltage waveform across the load network will be a clipped version of the input current. As the input power is increased, the output voltage will remain at the clipped amplitude, but the fundamental component of the current will increase with input power. As a result, neglecting the effect of and any parasitic resistance, the effective input impedance of this network will be an inverse function of input power. When the parallel resistance is included, then, the input resistance will be limited to a value at low drive (drive levels insufficient to turn on the diodes). The resistor corresponds to an impedance-transformed version of the 50-impedance into the driver amplifiers ( , Fig. 3 ). Fig. 9 shows the simulated amplitude and phase relationships among the four branches when the nonlinear network in Fig. 8 is used to terminate the decomposition network. The mixed-mode outphasing and amplitude control can be clearly seen; below a threshold voltage the outphasing angles are fixed, and the amplitude of the branch voltages is proportional to the input voltage amplitude. Above that threshold, the four voltages -follow the IRCN control law. Similarly, the simulated port voltage amplitude (fundamental component only) shows the limiting effects of the diode termination. Note that these voltage signals approach square waves as the drive input level increases, i.e., there is significant additional harmonic content. The driver and RF stage amplifiers also have limiting characteristics, further enforcing constant-envelope behavior at the output of the branch PAs (e.g., the input of the power combining network). The effective load impedances of the four branch PAs, shown in Fig. 10 , is simulated using the idealized diode-based model.
III. IMPLEMENTATION
This section describes the design and implementation of the RF decomposition network used for experimental validation of the approach, including the implementation of the TLRCN, and the nonlinear loading network. The experimental system is designed to operate at 2.14 GHz.
A. Microstrip TLRCN
The signal decomposition network is implemented as an alltransmission-line RCN [27] , although alternative implementations including could be designed as in the related lumped-element [8] or microstrip [9] power combining networks. The layout (Fig. 11) is made up of curved microstrip segments; right angles and "T" junctions are avoided in order to most closely match the theoretical behavior of the network. The layout of this and other system components are not optimized for size, although more compact versions are possible by using e.g., serpentine layout. This network is implemented on a 1.52-mmthick Rogers RO4350 substrate. Fig. 10 . Effective loading impedances seen by the four branch PAs in the RF-input/RF-output system ( , Fig. 3 ) as a function of system input voltage, when the outphasing angles resulting from the decomposition network are applied to the power combiner (simulated). The diode threshold voltage is simulated as . Fig. 11 . Layout of RF signal decomposition board implemented on a 1.52-mm-thick Rogers RO4350 substrate. The board dimensions are 14.5 cm 14.2 cm. As indicated, the parallel resistance is synthesized from the (50-) impedance into the driver stage using a quarter-wavelength impedance transformation.
The TLRCN component of the decomposition network is designed assuming that the nonlinear loads vary over an approximately 10-85 range, corresponding to the range that the combining network is designed to present to the branch power amplifiers. The layout therefore uses the same parameters as the power combining network [10] , with characteristic impedances , and delta-electrical lengths and . (The original paper describing the transmission-line combiner [10] indicated values and in error; the lengths and were used in both the transmission-line combiner and TLRCN.)
A secondary benefit of the TLRCN structure is that it provides a narrow-range resistive input impedance even when its load im-pedances ( , Fig. 3 ) vary. As in the corresponding combiner design, an impedance-transforming quarter-wave transmission line is included at the input port, with . Combined with the resistance compression behavior of the TLRCN, this impedance transformation establishes a nominally 50-input impedance to the power amplifier system. The simulated reflection coefficient at the input port has over the entire range of operation.
B. Nonlinear Load Element
The anti-parallel diode pair is implemented using Avago HSMS-286C detector diodes, which are available as a single packaged pair. Matching to reduce the effects of parasitic reactance is incorporated into the quarter-wavelength transmission line before the diode. For other choices of diodes or frequency, a more complicated impedance match may be necessary. The shunt resistance is designed to be 85 , and is generated by transforming the 50-input impedance of the following (driver) stage with a quarter-wavelength impedance transformer.
IV. EXPERIMENTAL SYSTEM
A. Decomposition Network
The decomposition network is characterized by measuring the phase relationship at its four output ports (ports A, B, C, D in Fig. 11 ) when the input power is varied. For this experiment, the decomposition network is first terminated (at reference plane D, Fig. 3 ) with 50-loads representing the input impedances to the PA drivers. The relative phases at the four output ports of the decomposition network ( -) are shown in Fig. 12 (grey curves) . This figure shows the relative phases among the four branches only; net phase shift has been removed from the plot for clarity. Next, the full RF paths are characterized up to reference plane E; for this measurement, the branch PAs are terminated in 50 and the relative phase of signals -at their outputs is characterized with system input power (Fig. 12, black curves) . Note that the actual phase relationship into the combiner may vary if the PAs have load-modulation to phase-modulation nonlinearity. Static phase offsets are trimmed out using phase shift tuners (Aeroflex Weinchsel 980-4) in the four paths. The transition between outphasing control and drive modulation can also be seen near 7 dB normalized input power.
The measured phase characteristics are compared to those calculated from the OS control law (which in principle yields more optimal performance than the IRCN control law), shown in Fig. 12 as dashed curves (and referring to the top axis) . A close match can be observed between the phase relationships among the measured and theoretical control angles. At the same time, it can be seen by comparing the top and bottom axes that there is not a one-to-one correlation between the two scales, and that the input power range of the experimental system is approximately twice (in dB) that of the calculated power command range. This means that the output power is not a linear function of linear power (as will be shown in the system measurements below); this nonlinearity is related to the implementation of the nonlinear load network used in this work. Fig. 12 . Comparison of measured relative phases at the outputs of the decomposition network (grey), the full PA paths (black; branch PAs 50-terminated), and the ideal phase relationship calculated based on commanded power using the optimal susceptance control law [10] (dashed, top axis). Net phase shift has been removed from the plot for clarity. The mixed-mode behavior can be seen below around 7 dB input commanded power, below which the measured outphasing angles are held constant. Fig. 13 . Measured transmission coefficient (normalized) of each PA path (terminated by 50 ) as a function of system input power. The variation in AM/AM performance between the four paths was not corrected for in the system characterization.
The amplitude characteristics of all four ports are likewise measured over swept input power. This measurement, made into 50-loads only, reveals amplitude mismatch among the four branches, particularly at low drive levels (see Fig. 13 ). This imbalance was not corrected for in the system characterization.
The resistance compression property of the decomposition network can be seen in Fig. 14 , which shows the measured input impedance to the RF decomposition network ( in Fig. 3 ) over the swept power characterization of Fig. 12 . The input reflection coefficient remains better than over the entire range of applied power. Furthermore, the impedance is nearly constant, with an improved 50-ohm match clearly possible if desired.
B. RF-Input/RF-Output Outphasing System 1) Overview:
A photograph of the complete system including (left to right) the decomposition network, phase shift tuners, two predriver stages, the inverse class F branch PAs, and the power combining network [10] , is shown in Fig. 15 . The input CW or W-CDMA signal is generated using a Rohde & Schwarz SMJ100A vector signal generator, and is amplified by a pre-amplifier to reach the required input level before the signal decomposition network. The nature of the nonlinear loads in the decomposition network constrains the possible range of input powers to the system for a given design. Here, the decomposition network is designed for input powers up to 23 dBm, while a 50 dBm system output power is desired. After the RF-domain decomposition, phase-shift tuners are employed to trim out static phase offsets (these are largely due to mismatched delays in the driver amplifiers). The two driver amplifiers, based on demonstration boards for the Hittite HMC455 and Freescale MW7IC2020N parts respectively, have not been optimized for the system, and so are excluded from the efficiency characterization. In fact, as can be seen in the photograph, excess gain in the driver chain is adjusted for using fixed attenuators. This arrangement is due to the available driver stages and is clearly undesirable for a practical system. Note that the driver PAs have been replaced compared to the related work in [26] , although efficiency performance is similar. The branch PAs are based on the CGH40025 device from CREE and the design in [14] , and are the same PAs as used in the baseband-input work demonstrating the all-transmission-line multi-way outphasing power combiner [10] . The power combining network is likewise the same as used in [10] , so that the performence of that baseband-input system can be directly compared to this work. Drain efficiency of the final-stage power amplifiers (which have approximately 10 dB gain [9] ) is measured using an Agilent N6705A power supply and Rohde & Schwarz NRT power meter. A block diagram of the measurement setup is shown in Fig. 16 . 
2) CW Measurements:
A CW measurement of drain efficiency of the final RF power stage versus output power is shown in Fig. 17 (black curve) . The power amplifier has a peak output power of 49.7 dBm and peak drain efficiency of 70%. Also shown (grey curve) is a system characterization in which the branch PA drive signals (corresponding to reference plane in Fig. 3 ) are generated using four separate IQ modulators with Fig. 17 . Measured outphasing power amplifier performance (black), and measured performance of a baseband-input system comprising the same branch PAs and power combining network [10] . The new RF-input PA has nearly identical performance but operates directly on a modulated RF signal with a simple passive network replacing the complex baseband signal processing setup of [10] . This variation occurs due to differences in the active devices, passive devices, interconnects and pcb manufacturing among the PA and driver chains of the four paths.
the Optimal Susceptance control law that selects outphasing angles such that the reactive component of the branch PA load impedance is minimized (reproduced from [10] ). The same combiner and RF power stage are used for both measurements. Note that the inclusion of phase shift tuners compared to the initial prototype in [26] allows for static phase adjustment of the four paths and a slightly improved efficiency characteristic.
The excellent match in the efficiency performance of these systems demonstrates the effectiveness of the RF signal decomposition network. The reduced peak power of the new system is likely due to a combination of the higher load susceptance associated with the IRCN law and the phase mismatch observed in Fig. 12 . Compared to the system using four IQ modulators, this proof-of-concept RF-input/RF-output implementation has significant advantages in system complexity without degradation in peak efficiency.
The RF-input/RF-output outphasing amplifier is also characterized in terms of CW input/output characteristics as shown in Fig. 18 . The two regions of output power control, amplitude modulation and outphasing control, are apparent from this measurement. The clear "knee" between the two regimes, and the compressive behavior in the outphasing control region, indicate that the nonlinear termination for this design is not optimal. This and other nonlinearities can be addressed through pre-distortion of the input signal or further refinement of the nonlinear load characteristic used in the decomposition network.
3) Modulated Measurements: A preliminary characterization of the outphasing PA was performed using a W-CDMA input signal. The measured output spectrum, with no linearization applied, is shown in Fig. 19 . For this measurement, the average output power was 24 W, and average drain efficiency of the final PA stage was . The measured output PAPR was 6.18 dB. A comparison to other works of related technology and power level is given in Table I .
The evident nonlinearity of the RF-input outphasing PA may be attributed to several factors including the nonlinear overall AM-AM characteristic shown in Fig. 18 , which is most likely caused by the non-ideal nonlinear termination element used in the implemented system. Improvements in this nonlinear characteristic, along with a complete characterization of the load-modulation-to-amplitude-modulation characteristics of the branch PAs, could improve the observed "knee" characteristic in Fig. 18 . The linearity of outphasing systems has additionally been shown to be sensitive to amplitude, phase, and delay mismatch among the branches, and limited bandwidth of the combining network [31] - [33] . We note that a common linearization approach for outphasing systems (e.g., [32] , [33] ) treats the signal component separator, branch PAs, and power combining network as a "black box" model, and applies digital predistortion (DPD) based on the overall input-output characteristic of the system. Although linearization is outside the scope of this work, which focuses on the initial proof-of-concept demonstration of RF-input outphasing, we therefore expect that this architecture is compatible with conventional linearization techniques.
V. CONCLUSION
The RF signal decomposition network presented in this work exploits the relationship between resistance compression networks and lossless outphasing power combiners in order to create an RF-input/RF-output outphasing power amplifier. This approach eliminates the digital signal component separator and multiple IQ modulators required for prior outphasing system implementations. Advantages of the approach include reduced system cost and baseband signal processing complexity, and the ability to work with many existing calibration and digital pre-distortion schemes.
The proof-of-concept prototype in this work is implemented using transmission-line techniques, and demonstrates the feasibility of this approach through CW measurements at 2.14 GHz. The system achieves a peak output power of 93 W and a peak drain efficiency of 70%, performance that is on par with the previously-demonstrated outphasing system [10] requiring four IQ modulators. The excellent match between these two systems demonstrates the effectiveness of the RF signal decomposition approach. This approach can be extended to a range of frequencies and implementation types including lumped element implementations as in [8] , or microstrip versions [9] . Future development of this technique will focus on design of the nonlinear termination in the signal decomposition network to generate a more overall-linear characteristic.
APPENDIX
This appendix gives the derivation of (1)-(4) relating the port voltages of the decomposition network when the terminating impedance varies. The three-port network shown in Fig. 20 can be thought of as the fundamental building block of both the transmission-linebased power combining network and the TLRCN. The port relationship of this network can be shown through transmission-line analysis to be: (6) where . When ports 1 and 2 are terminated resistively, , the port voltages can be written as
In this application, the parameters of interest are the magnitude of port voltages and , and the relative phase between the ports. The voltage magnitudes are equal and given by (9) , while the two port phases are given by (10)- (11) (9)
When is as defined graphically in Fig. 20 , then, this outphasing angle can be written as (12) To form the four-way decomposition network, the stage in Fig. 20 is "stacked" in a coporate combining structure. The behavior of the second stage is identical to the first, and it is loaded with a variable resistance ( in Fig. 3 ) that is a function of . This impedance is the input impedance to the first stage ( in Fig. 20 ) and can be calculated following the analysis in [27] to be (13) The relative angle resulting at the plane indicated by in Fig. 3 is obtained by substituting the expression for into (12) , producing (3)) (14) As shown in Fig. 3 , we denote the segments closer to as having differential electrical length , and the segment closer to the input as having differential electrical length . The port voltage magnitudes after the second stage (i.e., at the reference plane indicated by in Fig. 3 ) can be found by substituting the expression for into (9)
Substituting (15) into (9) yields the port voltage amplitude given in (1).
